The example demonstrated in this protocol uses CYP2B6 and bergamottin (BG). Human CYP2B6 preferentially metabolizes a variety of widely used pharmaceuticals including bupropion, efavirenz, sertraline and cyclophosphamide, and knowledge of the inactivation of this P450 by new drug candidates is important for effective drug development 13, 14 . BG, a furanocoumarin component of grapefruit juice and one of the major active ingredients responsible, in part, for the interaction of grapefruit juice with drugs 15, 16 , has been shown to be a potent inactivator of CYP2B6 (ref. 9) (Fig. 2) . The protocol described here details the application of a quantitative high-throughput microtiter plate-based fluorescence screen for the inactivation of CYP2B6 by BG. This protocol represents an improvement on the previous methods of Buters et al. 10 and DeLuca et al. 11 as it measures fluorescence emission of O-deethylation reactions performed in microtiter wells in which the minimal volume required for a fluorescence reading is significantly less than that required in a cuvette. Consequently, the minimal molar amount of fluorescent product needed to produce measurable fluorescence emission is also much lower. This characteristic facilitated the design of an assay that uses considerably less P450 and reductase than methods commonly used for these types of studies; it is also significantly faster. In addition, the ability to perform this assay using microtiter plates allows it to be readily adapted to a high-throughput format. We also show how this assay can easily be used to determine K I , k inact and t 1/2 for the inactivation of CYP2B6 by BG in a single experiment. Details regarding the controls and experimental samples used can be seen in Figure 3 and in the critical step callout of
IntroDuctIon
Cytochromes P450 (CYPs or P450s) are a ubiquitous superfamily of heme-containing proteins that are responsible for the metabolism of a wide array of endogenous and exogenous compounds including more than 60% of all clinically used drugs [1] [2] [3] . Most of the reactions catalyzed by P450s generally lead to the formation of more hydrophilic products that can be readily excreted from the body; however, some of these reactions produce highly reactive intermediates, which may target P450 active-site amino acid residues for modification and lead to enzyme inactivation. Those compounds are often referred to as 'suicide' or 'mechanism-based' inactivators 4, 5 . The development of quantitative high-throughput assays to assess whether new chemical entities are P450 inactivators is of considerable interest in the pharmaceutical industry and several in vitro assays have been developed over the years 6, 7 . Ideally, these assays are most useful if they can be designed for use in a high-throughput format while minimizing enzyme consumption. The most widely used method today for the quantitative characterization of a compound for its time-and concentration-dependent inactivation of the catalytic activity of a purified P450 involves initially reconstituting P450 with NADPH-P450 reductase (CPR) and lipid for 60 min at 4 °C. The primary incubation mixtures typically contain 1 nmol P450, 1 nmol CPR, 1,2-didodecanoyl-sn-glycero-3-phosphatidylcholine (DLPC) and several different concentrations of the potential inactivator under investigation, in a potassium phosphate buffer at pH 7.4 for a total reaction volume of 1 ml (refs. 8,9) . These components constitute the primary reaction to which nicotinamide adenine dinucleotide phosphate (NADPH) is added to initiate mechanism-based inactivation. At designated times, an aliquot is removed from the primary reaction and diluted into an enzyme assay mixture (secondary reaction) containing saturating concentrations of the substrate. This secondary reaction is used to measure the extent and rate of mechanism-based inactivation incurred in the primary reaction. All the inactivation experiments are interpreted relative to a control sample, which is treated in exactly the same manner as the experimental sample, except that the solvent in which the inactivating species is dissolved in is added to the primary mixture instead of the inactivating compound. Activity is assessed spectrofluorometrically in the secondary mixture by measuring the rate of O-deethylation of 7-ethoxytrifluoromethyl coumarin (7-EFC) to 7-hydroxytrifluoromethyl coumarin (7-HFC) (Fig. 1) . This method developed by Buters et al. 10 based on earlier work by DeLuca et al. 11 is highly sensitive and has been used as a laboratory standard for investigating mechanism-based P450 inactivation for several years. However, individual fluorescence measurements at varying concentrations of inactivator and at different time points are slow and render this protocol impractical for a high-throughput format in which large numbers of samples must be tested. Furthermore, to achieve a sufficiently large fluorescence signal-to-background ratio using a standard spectrofluorometer, this method requires the use of a considerable amount of protein, which is particularly problematic with some human P450s (e.g., CYP2B6) whose expression yields are poor and the low yields may be further exacerbated by site-directed mutagenesis (C.K., H.Z. and P.F.H., unpublished observations and Scott et al. 12 ). These limitations can largely be overcome if the minimal volume required for the secondary reaction and the amount of protein transferred from primary to secondary reaction can be reduced.
Mechanism-based inactivators such as bergamottin are useful chemical tools for identifying the functions of specific active-site amino acid residues in the reactions catalyzed by cytochromes p450 (cYps or p450s), which are responsible for the metabolism of a wide variety of drugs and endogenous substrates. In clinical settings, mechanism-based inactivation of p450s involved in xenobiotic metabolism has the potential to lead to adverse drug-drug interactions, and assays to identify and characterize drug candidates as p450 inactivators are important in drug discovery and development. Here we present a quantitative high-throughput protocol for investigating cytochrome p450 mechanism-based inactivators; we use the example of cYp2B6 and bergamottin to illustrate the finer points of this protocol. this protocol details the adaptation of a 7-ethoxytrifluoromethyl coumarin O-deethylation fluorescence activity assay to a 96-well microtiter plate format and uses a plate reader to detect the fluorescence of the product. compared with previous methods, this protocol requires less p450 and takes significantly less time while greatly increasing throughput. the protocol as written takes ~2 h to complete. the principles and procedures outlined in this protocol can be easily adapted to other inactivators, p450 isoforms, substrates and plate readers. The example demonstrated in this protocol uses CYP2B6 and bergamottin (BG). Human CYP2B6 preferentially metabolizes a variety of widely used pharmaceuticals including bupropion, efavirenz, sertraline and cyclophosphamide, and knowledge of the inactivation of this P450 by new drug candidates is important for effective drug development 13, 14 . BG, a furanocoumarin component of grapefruit juice and one of the major active ingredients responsible, in part, for the interaction of grapefruit juice with drugs 15, 16 , has been shown to be a potent inactivator of CYP2B6 (ref. 9) (Fig. 2) . The protocol described here details the application of a quantitative high-throughput microtiter plate-based fluorescence screen for the inactivation of CYP2B6 by BG. This protocol represents an improvement on the previous methods of Buters et al. 10 and DeLuca et al. 11 as it measures fluorescence emission of O-deethylation reactions performed in microtiter wells in which the minimal volume required for a fluorescence reading is significantly less than that required in a cuvette. Consequently, the minimal molar amount of fluorescent product needed to produce measurable fluorescence emission is also much lower. This characteristic facilitated the design of an assay that uses considerably less P450 and reductase than methods commonly used for these types of studies; it is also significantly faster. In addition, the ability to perform this assay using microtiter plates allows it to be readily adapted to a high-throughput format. We also show how this assay can easily be used to determine K I , k inact and t 1/2 for the inactivation of CYP2B6 by BG in a single experiment. Details regarding the controls and experimental samples used can be seen in Figure 3 and in the critical step callout of
Step 6. The entire experiment should be repeated three times to obtain statistically meaningful results.
Adaptation of this method to other systems
Although this protocol was optimized for application to highthroughput studies of the mechanism-based inactivation of purified recombinant CYP2B6 by BG in a reconstituted system, as the principles underlying this method are broad, it can be used as a template for screening many other P450s and inhibitors in other systems. For example, the use of cDNA-expressed P450s in the form of Baculosomes or Supersomes is very common in the pharmaceutical industry and the protocol described here can readily be extended to the use of these commercially available P450 preparations. Our suggested times for assay completion and the results anticipated may vary somewhat according to the P450 and inactivator being tested; they will also be influenced by the resources available.
This method is easily adaptable to the study of any enzyme system that undergoes mechanism-based inactivation by substituting the enzyme of interest, the mechanism-based inactivator and a probe substrate that shows a significant increase in fluorescence or absorbance on metabolism. Requirements for use with other systems include optimization of several experimental parameters such as (i) the protein and inactivator concentrations in the primary reaction mixture, (ii) the incubation times for the primary and secondary reaction mixtures, (iii) the sample volumes transferred from the primary to the secondary reaction and (iv) the concentration of the probe substrate used in the secondary reaction.
Furthermore, the high-throughput protocol described below is based on a 96-well plate format using a handheld multichannel pipettor, but could be easily adapted to a larger density format (384 or 1,538 wells) using automated liquid handlers or a robotic platform; it may also be extended to assays that are not fluorescencebased. If these alternatives are pursued, then the times required for preparation and completion of the assay may differ markedly from those indicated here. We present the REAGENT SETUP section in a practical order that facilitates the subsequent steps in the PROCEDURE section.
1,2-Didodecanoyl-sn-glycero-3-phosphatidylcholine (DLPC; SigmaAldrich, cat. no. P1263), prepared at 1 mg ml − 1 in water and stored at 4 °C. Catalase from bovine liver (Sigma-Aldrich, cat. no. C40 lyophilized powder 10,000 units per mg protein), prepared at 1 mg ml − 1 in water and stored at − 20 °C. 7-EFC (Invitrogen, Molecular Probes, cat. no. E2882), prepared at 25 mM in DMSO and stored in an amber glass vial at 4 °C. Methanol (Fisher, cat. no. A452-4) ! cautIon Methanol is flammable and toxic. Dimethyl sulfoxide (DMSO; Sigma-Aldrich, cat. no. D8418) stored at room temperature (~25 °C). ! cautIon DMSO is easily absorbed through skin and combustible. Acetonitrile (Fisher, cat. no. A998-4) ! cautIon Acetonitrile is flammable and toxic.
EQUIPMENT
Multichannel pipettors (Fisherbrand) Sonicator (equipped with a 10-mm flat tip probe; Branson) Microtiter plates (black, low volume, 96 wells; ThermoFisher) Victor II 1420-042 fluorescence plate reader (PerkinElmer) Precision shaking water bath (ThermoFisher) Stainless steel block chamber  crItIcal When the 96-well plate is set over the stainless steel block chamber, uniform heat is provided to all sample wells regardless of their position.
• •
MaterIals

REAGENTS
Figure 2 | Chemical structure of BG. BG is abundant in grapefruit and easily absorbed through the intestinal wall 17 . The mechanism-based inactivation of P450s by BG, which may account for increased drug bioavailability, results in modification of the P450 heme and apoprotein 9 .
Digital timer Microcentrifuge tubes, 1.5 ml (Eppendorf) GraphPad Prism 5.0 (GraphPad Software) REAGENT SETUP Bergamottin stocks To achieve final concentrations of 1, 2, 4, 6, 10 and 15 µM BG in 50 µl of primary reactions without varying the volume of BG stock added, it is recommended to prepare the following corresponding BG working stocks in methanol by serial dilution: 18.5, 37, 74.1, 111.1, 185.2 and 277.8 µM.
 crItIcal The inactivator being tested should be prescreened to ensure that the compound itself does not exhibit fluorescence properties that would interfere with the fluorometric detection of 7-HFC. See Troubleshooting table.
Reconstitution mixture The reconstituted system will contain 20.4 pmol purified CYP2B6, 40.8 pmol purified CPR and 0.07 mg ml − 1 DLPC per reaction well. In this assay, approximately 3.14 µl of 6.5 µM CYP2B6, 3.4 µl of 12 µM CPR and 3.66 µl of sonicated 1 mg ml − 1 DLPC are reconstituted for each inactivator concentration.  crItIcal If more than one inactivator concentration is to be tested with a particular P450, simply multiply the volumes used by the number of inactivator concentrations being tested and reconstitute P450, CPR and DLPC in a single Eppendorf tube to minimize variation between separately reconstituted samples and then aliquot appropriate volumes. It is best to perform triplicate runs for each inactivator concentration and time point, and to determine the average and standard deviation of the results. See Troubleshooting catalase and add water to obtain a final volume of 245.9 µl. As 35.1 µl of this buffer will be added to a final primary reaction volume of 50 µl, the final potassium phosphate concentration will be 50 mM. Secondary reaction mixture This protocol determines both the concentration-and time-dependent inactivation of CYP2B6 at seven different concentrations of BG at four different time points. For a sufficient supply of secondary reaction mixture, add 225 µl of 1 M potassium phosphate buffer (pH 7.4), 67.5 µl of 20 mM NADPH, 18 µl of 25 mM 7-EFC and then add water to a final volume of 4,500 µl.  crItIcal Shield the secondary reaction from light whenever possible as 7-EFC is photoreactive. Prepare NADPH in a transparent colorless 1-ml Eppendorf tube to allow visual assessment of its degradation to a yellow product. The NADPH present in the secondary reaction mixture is sufficient for the reaction time in this protocol (10 min). However, if significantly longer reaction times are required, an NADPH regenerating system is recommended. EQUIPMENT SETUP An appropriate excitation filter (405 nm) and an emission filter (505 nm) are installed in the filter wheels of the Victor II plate reader. Although the optimal wavelengths for this assay are 410 nm (excitation) and 510 nm (emission), filters are not available at those wavelengths for this instrument and the filters indicated above work well. Set the sonicator to 40% maximal output with pulsed sonication (1 Hz) for 1 min total duration. Place the metal heating block in the water bath and set the temperature at 37 °C. proceDure preparation of primary reaction • tIMInG ~1 h 1| Prepare the stock solutions described above (NADPH, BG, DLPC, catalase and 7-EFC) and store them on ice until use during the experiment.
2|
Thaw purified CYP2B6 and CPR by placing them on ice until they are fully thawed.
3|
Sonicate DLPC stock solution on ice using the settings described above for 1 min.  crItIcal step Thorough DLPC sonication will ensure that preformed micelles are disrupted into monomer units and will facilitate the proper formation of liposomes and the efficient incorporation of P450 and CPR into the liposomes.
4|
Pipette 71.4 µl of the P450, CPR and DLPC reconstitution mixture into a 1.5-ml Eppendorf tube and store at room temperature for 30 min. If the use of Supersomes or Baculosomes is desired, the reconstitution step can be bypassed; once the Supersomes or Baculosomes are thawed they can be dispensed directly into the primary reaction wells in place of the reconstituted mixture.
5| Using a multichannel pipettor, dispense 35.1 µl of the primary reaction mixture into each of seven inactivator concentration wells, as illustrated in Figure 3. 6| Using a multichannel pipettor, dispense 2.7 µl of the BG stocks into their respective wells. The control well receives the same volume of methanol instead of BG.  crItIcal step The effect of methanol, as well as of any other solvents that may be used to dissolve the inactivator, on enzymatic activity must be assessed in the control sample, as inactivation is calculated as a percentage of the control and some organic solvents are known to decrease some P450 activities. In general, it is best to keep the amount of organic solvent added to the primary reactions less than 1% or 2% of the total volume.
7| When
Step 3 is complete, dispense 10.2 µl of the reconstitution mixture to the primary reaction wells. preparation of secondary reaction • tIMInG ~10 min 8| Prepare the stock solution described above and ensure proper mixing by vortexing.
9|
Using a multichannel pipettor, dispense 150 µl into each secondary reaction well, and into an additional two wells, which will serve as background fluorescence measurements (Fig. 3) .
10|
When not making additions, the 96-well plate should be shielded from light to prevent the photodegradation of 7-EFC. p450 activity assay • tIMInG ~30 min 11| Allow the primary and secondary reactions to reach thermal equilibrium by placing the 96-well plate over the steel block chamber in the 37 °C water bath and let them incubate for 10 min.
12|
When the reaction mixtures are equilibrated, add 2 µl of stock NADPH to each primary reaction well using a multichannel pipettor. Steps 12-16 are summarized in table 1.
13| Using a multichannel pipettor, transfer 12.5 µl from the primary reaction wells to the secondary reaction wells of the 0-min time point and start the timer.
14| At 3 min, use a multichannel pipettor to transfer 12.5 µl from the primary reaction wells to the secondary reaction wells of the 3-min time point column.
15| Similarly, at 6 and 9 min, transfer 12.5 µl from the primary reaction wells to the secondary reaction wells of the corresponding time point columns.
16| Stop the secondary reactions 10 min after each transfer by using 50 µl of ice-cold acetonitrile and pipetting briskly 6-8 times to obtain thorough mixing. For example, the 0-min time point is stopped at 10 min and the 3-min time point is stopped at 13 min, etc.  crItIcal step It is important to mix very well at this stage to ensure that the reaction is terminated.
17|
Add 50 µl of ice-cold acetonitrile to the two designated blank background wells (Fig. 3). 18| Immediately begin measuring the fluorescence intensity of the secondary reactions using a fluorescence plate reader set at an excitation wavelength of 405 nm and emission at 505 nm.
19|
Analyze the results by subtracting the average background reading intensity from the fluorescence intensity measurements of the secondary reaction wells. Take the control sample at the 0-min time point to indicate the maximal activity and calculate the log of percentage activity remaining for the remainder of the samples. Plot the log of percentage activity remaining as a function of time. (1) (1) (2) (2) 9 have found that BG inactivates CYP2B6 in a concentration-and time-dependent manner and that this inactivation requires the presence of NADPH. They proposed that BG-dependent inactivation of CYP2B6 occurs by heme destruction and apoprotein modification as a result of covalent binding of a reactive intermediate of BG 9 . It is well known that a number of P450s O-deethylate 7-EFC to 7-HFC ( Fig. 1) and this serves as an easy and sensitive method to assay mechanism-based inactivators of these purified P450s. The fluorescence emission of the product (7-HFC) is different from that of 7-EFC and NADPH, thus allowing product formation to be monitored spectrofluorometrically in a 1-ml cuvette. Although very popular, this approach typically requires transferring 10-25 pmol from the primary to the secondary reaction mixture to generate sufficient fluorescent product. This approach is time-consuming and unrealistic in a high-throughput setting as one must measure fluorescence intensity of all secondary reactions individually.
In this protocol we detail the application of a widely used and highly reproducible 7-EFC activity assay to determine CYP2B6 inactivation in a quantitative high-throughput format that reduces the amount of enzyme required by 50-70%. This improvement in enzyme consumption is substantial, as characterizing the maximal rate of inactivation (k inact ) of a P450 by an inactivator and determining the concentration of inactivator required for half-maximal inactivation (K I ) require assessing secondary substrate turnover across a number of different time points and inactivator concentrations. As shown in Figure 3 and table 1, after P450 mechanism-based inactivation is initiated by the addition of NADPH, aliquots of the primary reaction are transferred into the secondary reaction mixtures in which activity is assessed spectrofluorometrically by measuring 7-EFC to 7-HFC conversion. As shown in Figure 4a , increasing the BG concentration increases the rate of inactivation. Thus, the inactivation follows pseudo first-order kinetics, and the apparent kinetic constants are determined by plotting k obs as a function of increasing BG concentration (Fig. 4b) . In this example, the k inact for the inactivation of CYP2B6 by BG was 0.06 per min, with a K I of 2.32 µM, and the halftime for inactivation (t 1/2 ) was 11.5 min.
It is noteworthy that Figure 4 represents the results of an optimized experiment. If, for example, a very potent inactivator is used, then measuring the rates of inactivation at the desired time points can be challenging. In this case, particular experimental conditions, such as the concentration of the inactivator, the pH and temperature, need to be shifted from their optimal values to reduce the rate of P450 inactivation 6 . Conversely, if inactivation is slow, identifying the optimal conditions is recommended. Optimization can include increasing the ratio of the redox partners (CPR and cytochrome b 5 ) to P450, performing a longer reconstitution to ensure a maximal concentration of functional P450-redox partner complexes, and increasing the length of the primary incubation (table 2). Increasing the incubation temperature for the primary reaction mixture will also increase the rate of reaction but may result in some instability of the enzyme's activity. In both cases, experimental optimization may change the K I and will definitely change k inact , thereby precluding the comparison of kinetic data for the same inactivator that was examined under different experimental conditions.
In conclusion, our protocol is useful for high-throughput analysis of chemical entities to assess their potency as P450 mechanism-based inactivators. Therefore, this protocol might be valuable for the assessment of small molecules, including drugs and chemical probes, for elucidating P450 catalytic mechanisms. Furthermore, by performing P450-mediated reactions directly in a microtiter plate, this protocol significantly reduces the amount of P450s and CPR needed. This is particularly important considering that it is difficult and costly to obtain purified recombinant P450s and that the expression levels of certain P450s can be relatively poor, especially for some of the commonly occurring human genetic polymorphic variants. acknowleDGMents This work was supported, in whole or in part, by National Institutes of Health Grant CA16954 (to P.F.H.).
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